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1. Introduction

Accreting millisecond X-ray pulsars (AMXPs) are a subclass of
transient low-mass X-ray binaries (LMXBs) hosting a weakly
magnetised fast-spinning (a few ms) neutron star (NS) that ac-
. cretes matter from a low-mass companion (M < 1My). Typi-
cally, their spin periods span between 1.7 and 5.4 ms, whereas
the orbital periods range between 40 min and 19 hr (see Patruno|
'\ mm 2012]for a review).

. For many years, AMXPs were thought to be the progenitors

> of millisecond radio pulsars. According to this recycling sce-
_ nario (Alpar et al.|[1982), millisecond radio pulsars arise from
>< the spin-up of the neutron stars hosted in LMXBs as a result of
the transfer of angular momentum (and mass) from their com-
panion stars. After a mass accretion phase, during which the
system appears as a bright (possibly transient) X-ray source, the
mass transfer rate declines and allows for the re-activation of a
rotation-powered pulsar that emits from the radio to the gamma-
ray band. The first AMXP that confirmed this scenario was SAX
J1808.4-3658, in which a coherent pulsed signal at 2.5 ms in the
X-rays was discovered (Wijnands & van der Klis|[1998)). Later
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ABSTRACT

We present an optical (gri) study during quiescence of the accreting millisecond X-ray pulsar IGR J00291+5934 performed with
the 10.4m Gran Telescopio Canarias (GTC) in August 2014. Although the source was in quiescence at the time of our observations,
it showed a strong optical flaring activity, more pronounced at higher frequencies (i.e. the g band). After subtracting the flares, we
tentatively recovered a sinusoidal modulation at the system orbital period in all bands, even when a significant phase shift with respect
to an irradiated star, typical of accreting millisecond X-ray pulsars, was detected. We conclude that the observed flaring could be
a manifestation of the presence of an accretion disc in the system. The observed light curve variability could be explained by the
presence of a superhump, which might be another proof of the formation of an accretion disc. In particular, the disc at the time of our
observations was probably preparing the new outburst of the source, which occurred a few months later, in 2015.

on, systems alternating within a short time from the AMXP state
to the millisecond radio pulsar state were discovered (named
transitional pulsars), which fully validated the picture (Archibald

et al.|2009; [Papitto et al.[2013}|de Martino et al.[2013];[Bassa et al.

3014 Roy et al]2015).

Optical observations of AMXPs during quiescence are the
only way to study the companion star, since during outbursts its
emission is otherwise overwhelmed by that of the accretion disc.
The optical light curve resulting from these observations is usu-
ally modulated at the orbital period of the source. When the light
curve is dominated by the elongated, Roche-lobe deformed ge-
ometry of the companion star, a double-humped light curve is
observed with two equal maxima at the descending and ascend-
ing nodes of the companion star (orbital phases 0.25 and 0.75,
respectively) and two unequal minima at superior and inferior
conjunction (orbital phases 0 ad 0.5, respectively). In systems
with small orbital separations, however, the light curve can pos-
sess one single maximum at phase 0.5 when irradiation from
the compact object plays a major role and dominates geomet-
ric effects (see e.g. D’ Avanzo et al.|2009). A single-maximum
light curve is often observed in transient LMXBs in quiescence,
which testifies to the strength of irradiation effects. Since the ob-
served quiescent X-ray luminosity is not sufficient to account for
the observed optical modulation, the energy released by a rotat-
ing magnetic dipole has been suggested as the main responsible
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factor for irradiation in quiescent LMXBs and AMXPs (Burderi
et al.[2003} |(Campana et al.|2004).

The system IGR J00291+5934 is an AMXP that contains
the fastest X—ray pulsar (1.67 ms) as compact object and has
an orbital period of 2.46 hr (Galloway et al.|2005). The system
was first detected during an outburst on 2004 December 2 in an
INTEGRAL observation (Eckert et al.||2004; Shaw et al./[2005]).
The companion star is thought to be a hot brown dwarf, derived
for an isotropic distribution of inclinations and a NS mass of
2M; (Galloway et al.|[2005). The source distance has not been
firmly determined to date (a lower limit of ~ 4 kpc has been
given by |Galloway et al.||2005| by equating the long-term mass
accretion rate deduced from the fluence observed in outburst to
the expected gravitational-wave-driven mass transfer rate).

IGR J00291+5934 was first observed during quiescence by
Chandra and ROSAT in 2005 at a 0.5-10 keV luminosity level
of ~ 1032 erg s~! (Jonker et al.[2005) and was later confirmed by
XMM-Newton observations (Campana et al.|2008).

The optical counterpart was identified with an R ~ 17.4 mag
star during outburst with weak He II and Ha emission (Fox
& Kulkarni| 2004; [Roelofs et al.|[2004; Torres et al. 2008} see
also [Lewis et al.|[2010). The quiescent optical counterpart was
discovered by [D’Avanzo et al.| (2007) and [Torres et al.| (2008))
as a faint R = 23.2 + 0.1 object. Sinusoidal variability at the
known orbital period with an R and / semi-amplitude of ~ 0.2-
0.3 mag suggested strong irradiation (D’Avanzo et al.|2007).
Based on VRIJHK photometry, the required irradiating lumi-
nosity is ~ 5 x 103 erg s7!, which is much higher than the ob-
served X-ray luminosity in quiescence (D’Avanzo et al.|2007).
Jonker et al.| (2008) observed IGR J00291+5934 in quiescence
for several orbital periods in the / band. They found evidence
of strong flaring (up to 1 mag). After removal of the strongest
optical flares, a weak orbital modulation is still present.

In this paper we investigate the quiescent optical emission
of IGR J00291+5934 in more detail through observations per-
formed with the 10.4m Gran Telescopio Canarias (GTC). We
obtained g, r, i data over more than one orbital cycle (see Sect. 2).
Strong flaring variability is also apparent in our data. We derive
an orbital modulation and spectral energy distributions close to a
flare peak and during an interval of low flaring activity (Sect. 3).
The discussion is presented and conclusions are drawn in Sect.
4.

2. Observations and data analysis

The source IGR J00291+5934 was observed in quiescence dur-
ing the night of 2014 August 31, using the Optical System
for Imaging and low-Intermediate-Resolution Integrated Spec-
troscopy (OSIRIS; [Cepa et al.|[2000) camera mounted on the
GTC with the g, r, i filters (PI: A. Papitto). The seeing was good
and remained < 1”. Fifteen images in each g, r,i filters were
taken, with an exposure time of 240 s, 180 s, and 150 s, respec-
tively (and cycling among filters), with the aim of covering the
2.48 hr orbital period.

Image reduction was carried out using the standard proce-
dures, which consist of subtracting an average bias frame and
dividing by a normalised flat frame. Aperture photometry was
performed on the field using the daophot task (Stetson|1987) for
all the sources in the field. The photometric calibration was made
against the Stetson standard field star PG1528 (Stetson|2000).
We performed differential photometry with respect to a selection
of isolated and non-saturated field stars, in order to minimise any
possible systematic effect.
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3. Results

As can be observed in Fig. [T] the light curves of IGR
J00291+5934 are plagued by strong flaring activity that is promi-
nent in all the observed bands with a small preference for shorter
wavelengths, and with up to 1 mag variability. We tried to filter
the flares by determining a magnitude threshold by visual in-
spection for each band. On this we define the flaring activity (i.e.
g = 23.25,r = 22.25, and i = 21.40). Unfortunately, a detailed
analysis such as reported in Jonker et al.| (2008)) is not possible
with our dataset because of the poor temporal resolution. Af-
ter this rough filtering, we tried to recover the possible orbital
modulation, hidden by the flares (see Fig. E]) We fit the three
folded light curves together, imposing them to have the same
orbital phase; the reduced y? of the best fit is not compelling
( x*/dof ~ 187.2/18), however, probably due to a combined
effect of the very small errors and residual flaring activity. The
results of the fits are reported in Table[I}

The source IGR J00291+5934 appears brighter than in
D’ Avanzo et al.||2007| and Jonker et al.||2005| (0.6-0.8 mag and
0.2-0.3 mag, respectively). This effect is confirmed even when
taking the different filters used by these authors into account (see
Sec. Ell) In addition, the phase of the maximum is not at 0.5 (su-
perior conjunction of the companion star) but at 0.21 + 0.02. A
small shift was also found by Jonker et al.| (2005), who found the
maximum at phase 0.34 + 0.03.

The semi-amplitude of the modulations (Table [T is in line
with previous results by [D’Avanzo et al.| (2007), who found a
modulation of 0.22 + 0.09 by combining R and [ data, but not
with Jonker et al.| (2005)), who found a very small amplitude in
the 7 band of 0.06 + 0.01. However, we emphasise that all these
results are strongly dependent on the flare filtering.

In order to investigate the nature of the flaring activity, we ex-
tracted the spectral energy distribution (SED, gri) around phase
0.2 (where a prominent flare is present) and around phase 0.9
(when the system is likely quiescent). Data in the r band were
taken as reference, and gi data (mag vs MJD) were linearly in-
terpolated to estimate the flux at exactly the same phase (Fig.
[2). Data were then corrected for intrinsic absorption evaluated in
D’ Avanzo et al.| (2007)) and quoted in the last column of Table
[I] The two SEDs are markedly different. The flare SED can be
fitted with a power law with index @ = 0.31 = 0.35 (1o c.L.),
indicating that the emission peak is likely at higher frequencies
than the g band. The index is fully consistent with what is pre-
dicted for a multi-temperature accretion disc with 7 > 30, 000
K. The “quiescent” SED instead decreases with frequency, with
a power-law best fit of @ = —1.06 + 0.35. This is difficult to
interpret and could arise at the downturn of an accretion disc
spectrum, immediately after the peak (in this case, a disc tem-
perature of T ~ 10,000 K is needed), or it could be the tail of
the emission coming from the companion star (a brown dwarf;
Galloway et al.|2005)).

4. Discussion

We report a study of the optical (gri) light curves of the LMXB
IGR J00291+5934 performed during quiescence, following two
studies in the NIR-optical of the quiescent light curves of the
same system (D’ Avanzo et al.[|[2007; Jonker et al.[|2008) that re-
ported different results.

D’ Avanzo et al.|(2007) provided optical and NIR photometry
of the source during quiescence, with data acquired in 2005, less
than one year after the end of an outburst in 2004 (Eckert et al.
2004; Shaw et al.|2005), and found sinusoidal variability modu-
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Fig. 1. Left panel: From top to bottom, g, r, i light curves (mag vs. MID) of the system IGR J00291+5934 (dots) and of a calibration star (squares).
Circled dots represent the possible flaring activity. Right panel: From top to bottom, g, r, i light curves (mag vs. orbital phase) of the system IGR
J00291+5934. Circled dots represent the points corresponding to the flaring activity. Superimposed on the light curves we sketch the constant plus
sinusoidal fit of the data, carried out after filtering the flares and imposing the same phase on all the light curves and with the period fixed to 1. In
the r band, the point corresponding to phase 0.73 is considered as a flare for continuity with the other bands. Phase 0 corresponds to the inferior
conjunction of the companion star. We evaluated the phases based on the X-ray ephemerides of |Galloway et al.|(2005)). Two periods of the system

are drawn for clarity.

lated at the source 2.46 h orbital period, with a semi—amplitude
of 0.2-0.3 mag, in both the R and the / band. The light curves
peaked at phase ~ 0.5, suggesting a strongly irradiated compan-
ion star, as expected for AMXPs. This conclusion was also sup-
ported by the modelling of the NIR/optical spectral energy dis-

tribution of IGR J00291+5934, consistent with an irradiated star
only, with no need for a residual accretion disc.

In light of these results, Jonker et al.| (2008) reported puz-
zling findings. In 2006 the source, still in quiescence, showed a
strong flickering activity in the / band, with flares up to ~ 1 mag
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Table 1. Results of the photometry of IGR J00291+5934. The mean magnitudes are not corrected for reddening. The reddening is obtained starting

from the Ny value reported in|D’ Avanzo et al.|(2007) (last column). Errors are indicated at the 90% c.1.

Filter Ae
(A)

Total Exposure

(s)

Mean
Magnitude

Amplitude

A,

g 4770
r 6231
j 7625

3600
2700
2250

2345+£0.02 0.15+0.04 2.73+0.07

22.47 +0.01

0.10 £ 0.02

21.65+0.02 0.15+0.03

1.88 £ 0.07
1.38 + 0.07

Flux (mlJy)
@+

¢ Phase 0.9

0.01 Y
101
Frequency (Hz)

Fig. 2. Spectral energy distributions (SED) of the system IGR
J00291+5934 in two different epochs: phase 0.2 (red sqares) and phase
0.9 (blue dots). Phase 0.2 corresponds to a strong flare activity for the
system. The fits of the two SEDs with a power law are shown (dashed
and dotted lines, phase 0.2 and 0.9, respectively). Opposite behaviours
can be observed (@ = 0.31 £ 0.35 and @ = —1.06 + 0.35, respectively).
All the points are corrected for reddening, the parameters of which are
reported in Table[T]

and duration of ~ 10 min, that hid a sinusoidal modulation that
is mosst likely due to the irradiated companion star. When the
flares were subtracted, Jonker et al.|(2008) was finally able to ob-
serve the sinusoidal modulation of the 7 band light curve, which
was peaked at phase 0.34. Moreover, an overall (non-significant)
brightening of the source of 0.5 + 0.2 mag was observed with re-
spect to what was found by |D’ Avanzo et al.[(2007), consistently
with a somewhat enhanced activity of the source in 2006 with
respect to normal quiescence (2005).

Our observations were acquired in 2014, eight years after
those reported in Jonker et al.|(2008)). During this time, the sys-
tem underwent a long-lasting outburst (~ 100 days; |Lewis et al.
2010) in 2008 and then returned to quiescence, where it re-
mained until the epoch of our observations. Similarly to what
is reported in Jonker et al.| (2008)), our light curves do not show
a clear sinusoidal trend (Fig.[I). In particular, a strong flickering
activity is detected in all bands, above all in g, with flares up to
~ 1 mag and duration of the order of tens of minutes (i.e. compa-
rable to those observed by|Jonker et al.2008)). After excluding all
flares (Fig. [I), the light curves show a hint of a sinusoidal mod-
ulation at the known orbital period, particularly in the i band,
where the irradiated companion star is expected to contribute
the most. The fit of the light curves with a constant plus sinu-
soid model resulted in a i~band mean magnitude of 21.65 +0.02,
which corresponds to I = 21.18 £0.02, according to the transfor-
mations reported in Jordi et al.|(20006). This shows that the sys-
tem brightened further by 0.72 + 0.09 mag in 2014 with respect
to 2006 (Jonker et al.|2008)), with a significance of 7.80". More-
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over, the orbital phase corresponding to the maximum brightness
is 0.21 + 0.02 in all bands, significantly shifted with respect to
what is expected for an irradiated object (phase 0.5;|D’ Avanzo
et al.||2007). A similar phase shift was also detected by |Jonker
et al.| (2008).

From its discovery in 2004 up to now, IGR J00291+5934
underwent three different outbursts, in 2004 (Eckert et al.|[2004;
Shaw et al.|2005), 2008 (Lewis et al.[[2010), and 2015 (Cum-
mings et al|2015} |Sanna et al.|[2015; [Russell & Lewis| 2015
Sanna et al.|2016; [Ferrigno et al.|2016}; [Patruno|2016). After
each outburst, the accretion disc that surrounds the compact ob-
ject in an LMXB is expected to empty out, leaving the com-
panion star alone as the only (or main) responsible source for
the NIR—optical emission. This can easily explain why after qui-
escence begins, an observer usually sees a sinusoidal (or ellip-
soidal) modulated light curve in the NIR/optical. However, dur-
ing quiescence the replenishment of the accretion disc can start
again, thus explaining why in a great number of X-ray binaries
during quiescence a contribution in the optical that is due to a
residual accretion disc is indeed observed (see e.g. D’ Avanzo
et al.[2009). In the case of IGR J00291+5934, it is possible that
after the 2004 outburst the contribution of the accretion disc, at
that time almost empty, to the optical emission was minimal, thus
leaving the companion star to dominate the overall emission and
explaining the sinusoidal light curves reported in|D’ Avanzo et al.
(2007). As shown in|D’ Avanzo et al.| (2007), the companion star
was not able to account for the observed optical modulation, thus
ruling out a strong contribution from the accretion disc. Our sug-
gestion was then that the companion star was strongly irradiated
by an additional energy source, which we tentatively identified
in the relativistic wind of a spinning neutron star.

After that, the accretion disc continued replenishing, getting
ready for the new outburst in 2008. Exactly 699 days before the
outburst began, |[Jonker et al.|(2008) observed the system again in
the optical in 2006, and the contribution of the accretion disc was
indeed no longer negligible: the system was brighter and showed
flares. The same might have occurred even some years later: our
observations in 2014 were made only 327 days before the 2015
outburst took place, thus possibly explaining why a strong flar-
ing activity was detected, together with the brightening of the
source with respect to the level of normal quiescence (D’ Avanzo
et al.2007). A similar behaviour was also stated in |Wang et al.
(2013) for the AMXP SAX J1808.4-3658, for which a brighten-
ing of the accretion disc emission 1.5 months before the onset of
a bright outburst was observed.

The observations carried out by Jonker et al.| (2008) and
in this work instead show a source with a higher luminosity
and strong flaring. An orbital modulation in the optical band is
barely visible in the data, even if it is detected at a level simi-
lar to the modulation observed by [D’ Avanzo et al.| (2007). This
suggests that the companion star contribution remained simi-
lar, but that the disc contribution grew considerably. With the
growth of the accretion disc, an increase in X-ray luminosity
might also be expected. This was not observed, however, as
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confirmed by pointed Swift observations on 2014, August 16
(ID:00031258002). In particular, no source is detected in a 20-
pixel radius around the position of the target, with a 30~ upper
limit on the count rate of 9 x 10~3 countss™', which translates
into an upper limit of 6x10™3erg cm™2 s~! on the unabsorbed X-
ray flux (for Ny = 6 x 10>'cm™2 and a power law with index 2.4;
Torres et al.[|2008). The two statements (larger disc emission in
the optical and lack of X-ray emission) can be reconciled assum-
ing some inefficient accretion mechanism, such as the propeller
mechanism (see e.g. Campana et al.[2016).

The observation of a strong flaring activity (Fig. [T) shows
that the companion star of the system is not the principal player
in the optical emission of the system. The observation of a con-
sistent phase shift of the optical light curves (after the subtrac-
tion of the flares) with respect to what is expected for an irra-
diated AMXP (phase 0.5) is further evidence. In particular, the
phase shift suggests that at least part of the modulation that is
sketched in Fig. [I| may arise in a somewhat different location,
like an asymmetry in an accretion disc (hot spot or superhump),
with a periodicity that is different from the orbital period. Our
light curves seems to suggest a non—negligible contribution of a
newly formed accretion disc. The same is also supported by the
spectral energy distribution built during a flaring event (Fig. [2),
which is fully consistent with a multi-temperature accretion disc
with T > 30, 000K (see Sect.[3). A similar conclusion was also
reached by Jonker et al.|(2008), who proposed a superhump as
the possible cause for both the observed variability and the phase
shift of their light curve. This is doubtful, however: although
some conditions for the formation of a superhump are fullfilled
in the case of IGR J00291+5934 (e.g. the mass ratio between
the companion star and the compact object is < 0.3; [Whitehurst
& King|[1991), others are not. In particular, it is known that su-
perhumps tend to develop mainly during outbursts, that is, when
the accretion disc extension is the largest, and this is not the case
for the observations reported in Jonker et al.| (2008) and in this
work. However, in some rare cases superhumps have been de-
tected even during quiescence (Neilsen et al.|2008), which leaves
this hypothesis still open.

Mass transfer instabilities, magnetic reconnection events,
and X-ray reprocessing in the accretion disc (Hynes et al.|[2002;
Zurita et al.|2003)) might in principle also explain a strong flar-
ing activity in LMXBs. No enhanced X-ray activity has been
detected in IGR J00291+45934 near the epoch of our observa-
tions in 2014. For this reason, X-ray reprocessing can be safely
ruled out. It has to be noted that X-ray flares are observed in
some transitional millisecond pulsars (XSS J12270-4859 and
PSR J1023+0038; Ide Martino et al.|[2013}; [Patruno et al.|2014}
Bogdanov et al.[2015). However, in these cases, the flaring ac-
tivity is only detected in the X-rays and has different timescales
than in IGR J00291+5934, suggesting that a different mecha-
nism is at play.

Instabilities in the mass transfer rate from the donor star
might induce variability at the hot spot, for example. This is the
point where accreting matter impacts the accretion disc. If this
is the case, the flaring activity should be higher when the visibil-
ity of the hot spot is at its maximum, that is, at phase 0.8 (Zurita
et al.|2003)). Since at phase 0.8 our system seems to be quiet (Fig.
[T), however, we can exclude this possibility as well.

Magnetic reconnection events in the disc could also trigger
the flares (Hynes et al.|2002} Zurita et al.[2003). In particular, dif-
ferential motions in the accretion disc plasma may produce mag-
netic fields, and when the reconnection between vertical field
lines of opposite signs occurs, some energy is dissipated, leading
to the emission of flares. In this scenario, the duration of flares

must then be related to the timescale of shearing in the accretion
disc, and should be more efficient in the outer regions of the disc,
where the amount of shearing is higher (see [Zurita et al.|[2003).
If we assume that the duration of flares is linked to their location
in the accretion disc, flares with the longest duration should then
be the most significant. Since to test this scenario we are strongly
limited by the duration of our observations and statistics, we can
leave this possibility open.

5. Conclusions

We presented the results of optical gri photometry of the accret-
ing millisecond X-ray pulsar IGR J00291+5934 during quies-
cence. Observations were carried out with the GTC equipped
with OSIRIS on 2014, August 31.

The system displays a strong flaring activity in all bands,
above all in the g band. This flaring activity is comparable to
the activitiy previously observed by [Jonker et al.| (2008) in in-
tensity (~ 1mag) and duration. When the flares were subtracted,
we observed an indication of a sinusoidal modulation at the sys-
tem orbital period. As in the case of the observations reported in
Jonker et al.| (2008)), a phase shift of the light curves with respect
to phase 0.5 is detected. All our optical light curves are con-
sistent with an enhanced activity of the source, with a significant
AI with respect to the observations during quiescence reported in
D’ Avanzo et al.|(2007) of 0.7 £ 0.1 mag. Finally, the spectral en-
ergy distribution built during a flare (at phase ~ 0.2) was fitted by
a power law with index @ = 0.31 £0.32, which is consistent with
what is predicted for a multi-colour black body of an accretion
disc with 7' > 30,000 K. All these results can be explained when
we consider that the principal player in the quiescent emission
of IGR J00291+5934 of our dataset is not the companion star, as
expected for a quiescent LMXB, but the accretion disc. The disc,
after it was emptied out during the 2008 outburst, started replen-
ishing in preparation to the next outburst (which occurred in July
2015). In this way, both the observed brightening of the source
and the phase shift of the light curves can be explained, since
the main optical emitter in the system might be an asymmetry
in the disc, like a hot spot or a superhump. The controversial re-
sults reported in|D’ Avanzo et al.| (2007) and [Jonker et al.| (2008))
could also be accounted for in this scenario: in the first case, the
system was observed after the end of an outburst, which proba-
bly left the accretion disc almost empty, thus explaining why the
typical modulation due to the irradiated companion star alone
was observed. In the latter, instead, the system was preparing it-
self for the 2008 outburst; thus the accretion disc was no longer
empty and probably strongly contributed to the quiescent optical
emission of the system (as in the case of the 2014 dataset).

According to this picture, we thus conclude that the observed
2014 flaring activity might indicate an accretion disc during
quiescence. Magnetic reconnection events in the disc might be
a likely possibility. Further multi-wavelength optical observa-
tions during quiescence, possibly over longer timescales, could
shed light on the true origin of the quiescent flares of IGR
J00291+5934.
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